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DEVELOPMENT OF PILE TYPE, HIGH DISCHARGE RATE, 
NICKEL- CADEIL! S Q U I B  BATTERIES 

S .  Char l ip  and A .  L y a l l  

ABSTRACT 

The o b j e c t i v e  of t h i s  program i s  t h e  development of s m a l l  s i z e ,  
t h i c k  s i n t e r ,  f i v e  c e l l  b i p o l a r  nickel-cadmium, s e a l e d ,  rechargeable  
b a t t e r i e s  t o  d e l i v e r  a one second pulse  a t  10 amperes above 5 v o l t s  
f o r  squ ib  a c t i v a t i o n .  A minimum capac i ty  of 150 mAh a t  t h e  10-hour 
r a t e  w a s  r equ i r ed ,  

The r e p o r t  emphasizes t h e  work of developing t h i c k  b i p o l a r  elec- 
t r o d e s ,  .030 inch s i n t e r ,  i n  c i r c u l a r  shapes,  capable of  being impreg- 
na ted  t o  a c a p a c i t y  of 150 mAh/in2 of s i n t e r  area. 

The development of a bonded rubber-to-metal seal  permi t ted  t h e  
c o n s t r u c t i o n  of t e n  5 - c e l l  modules, f u l l y  encapsula ted ,  which y i e lded  
s e v e r a l  pu l se s  wi th  c u r r e n t  d e n s i t i e s  of 3.6 A/in2 above 5 v o l t s ,  f o r  
e l e c t r o d e  s i z e s  of 2.76 i n z 0  

S i n g l e  b i p o l a r  c e l l s  and f i v e - c e l l  b a t t e r i e s  w e r e  t e s t e d ,  vented ,  
and s e a l e d .  Based on l a b o r a t o r y  c e l l  tes t  d a t a ,  concen t r a t ion  and 
a c t i v a t i o n  p o l a r i z a t i o n  are t h e  l i m i t i n g  parameters of c u r r e n t  d e n s i t y  
ou tpu t s  i n  a b i p o l a r  nickel-cadmium b a t t e r y ,  

F u r t h e r  i n v e s t i g a t i o n  which would l e a d  t o  an optimized system 
wi th  overcharge c a p a b i l i t i e s  i s  recommended 
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INTRODUCTION 

The b i p o l a r  b a t t e r y  d e r i v e s  i t s  name from i t s  e l e c t r o d e  conf igu ra t ion  
which c o n t a i n s  t h e  p o s i t i v e  element of  one c e l l  and the  nega t ive  element of 
t h e  tiexi c e l l  oil two s i d e s  o f  8 conducting t h i n  s h e e t  c a l l e d  t h e  s u b s t r a t e .  
The s u b s t r a t e ,  i n  a d d i t i o n  t o  being the c u r r e n t  c o l l e c t o r  of each e l e c t r o d e ,  
a l s o  a c t s  as t h e  i n t e r c e l l  connector between two adjacent  c e l l s .  A series 
o f  such b i p o l a r  e l e c t r o d e s ,  pos i t ioned  so t h a t  a p o s i t i v e  e l e c t r o d e  sur -  
f a c e  and a nega t ive  e l e c t r o d e  s u r f a c e  of ad jacen t  p l a t e s  are f ac ing  each 
o t h e r  through an  i o n i c  s e p a r a t o r  and e l e c t r o l y t e ,  make up a p i l e  b a t t e r y .  
The v o l t a g e  of t h e  b a t t e r y  i s  a func t ion  o f  t h e  number of b i p o l a r  p l a t e s  
s tacked  i n  a p i l e .  F igure  1 shows a t y p i c a l  conf igu ra t ion  of a b i p o l a r  
e l e c t r o d e  p i l e  type  b a t t e r y .  

Because o f  t h e i r  unique geometric f e a t u r e s  and t h e  absence of i n t e r -  
c e l l  connec to r s ,  p i l e  type  b a t t e r i e s  possess r e l a t i v e l y  low i n t e r n a l  im- 
pedance va lues  and are capable o f  h igher  r a t e s  of d i scha rge  a t  g iven  
v o l t a g e  l e v e l s .  

B ipo la r  ce l l s  have evolved, h i s t o r i c a l l y ,  from t h e  o r i g i n a l  Vo l t a  
b a t t e r y  which had a b i p o l a r  conf igu ra t ion .  It cons i s t ed  of a series of 
c e l l s  made by p l ac ing  common s a l t  moistened c l o t h  s e p a r a t o r s  between copper 
and z i n c  d i s c s ,  s tacked  i n  a p i l e ( 1 ) .  
b i p o l a r  p i l e  type b a t t e r y  i n  t h e  lead-ac id  system, were obta ined  and 
desc r ibed  i n  1924 by t h e  Russian p h y s i c i s t  Kap i t za (2 ) .  

High c u r r e n t  d e n s i t i e s ,  from a 

A s tudy  of h igh  c u r r e n t  d e n s i t i e s  i n  b i p o l a r  b a t t e r i e s  wi th  l a r g e  
area, t h i n  f o i l  type e l e c t r o d e s ,  was made by Gulton I n d u s t r i e s  i n  1966 
f o r  t h e  U. S. Army Missile Command. The r e s u l t s  were pub.lished i n  a 
a F i n a l  Report(3).  The purpose of the  s t u d y  was t o  expand on t h e  exper i -  
mental  work publ i shed  i n  1956 by W i l l i n g h a n ~ ( ~ ) .  The o b j e c t i v e s  of  t h e  
work covered by t h i s  c o n t r a c t  were t o  develop s e a l i n g  laws and f a b r i c a t i o n  
techniques  f o r  small s i z e  b i p o l a r  b a t t e r i e s  wi th  t h i c k  e l e c t r o d e  s i n t e r s  
which would u l t i m a t e l y  lead  t o  t h e  f a b r i c a t i o n  o f  f i v e - c e l l  p i l e  type  
b a t t e r i e s  capable  o f  a t  least  one 50 wat t  pu l se  o f  one second d u r a t i o n ,  
a t  a minimum v o l t a g e  of f i v e  v o l t s ,  and a c a p a c i t y  o f  150 mAh a t  a t e n  
hour r a t e .  

The work descr ibed  i n  t h i s  r epor t  d e a l s  wi th  t h e  development o f  t h i c k  
s i n t e r e d  (30 m i l )  b i p o l a r  e l e c t r o d e s  and t h e  ex tens ion  of t h e s e  techniques  
t o  b i p o l a r  b a t t e r y  technology o f  sealed f i v e - c e l l  modules e 

In  o r d e r  t o  achieve t h e  s t a t e d  o b j e c t i v e s ,  i t  w a s  f i r s t  necessary  t o  
make p rogres s  i n  t h e  areas o f  b i p o l a r  b a t t e r y  e l e c t r o d e s ,  s e a l i n g  materials 
and p rocesses ,  and assembly techniques.  Each area i s  descr ibed  i n  t h e  
body of t h i s  r e p o r t .  

- 1- 
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DEVELOPMENT OF BIPOLAR ELECTRODES 

Development of t h e  Bipolar S i n t e r i n g  Process  

The manufacture of b i p o l a r  e l ec t rodes  r e q u i r e s  new and d i f f e r e n t  tech-  
n iques  from those  of  s tandard  b a t t e r i e s .  The cons t ruc t ion  of t h e  s i n t e r e d  
type  nickel-cadmium b a t t e r y  e l e c t r o d e  c o n s i s t s  of depos i t i ng  a n i c k e l  
s i n t e r e d  ma t r tx  Over both s i d e s  of a per fora ted  s u b s t r a t e  shee t  by immers- 
ing  it i n  a s l u r r y  of n i c k e l  powder. The w e t  s l u r r y  shee t  i s  then  d r i e d ,  
s i n t e r e d ,  and subsequent ly  c u t  t o  t h e  d e s i r e d  e l e c t r o d e  s i z e .  The r e s u l t a n t  
e l e c t r o d e ,  which i s  now ready f o r  impregnation wi th  a c t i v e  materials,  i s  a 
porous carrier wi th  a nominal th ickness  between .020 t o  .030 inch .  

I n  o rde r  t o  depos i t  a spongy n icke l  s i n t e r  on each s i d e  of t h e  s o l i d  
s h e e t  s u b s t r a t e ,  t he  s i n t e r  has  t o  be depos i ted  on each s i d e  s e p a r a t e l y .  
It w a s  r equ i r ed ,  t h e r e f o r e ,  t o  develop s i n t e r i n g  techniques f o r  t h e  process-  
i ng  of a s i n g l e  s i d e  a t  a t i m e .  A l l  e l ec t rodes  w e r e  cons t ruc ted  wi th  
.021 inch  t h i c k  n i c k e l  s u b s t r a t e s  and .030 inch s i n t e r  t h i ckness  on each 
s i d e .  
i n  s i n t e r  diameter  (approximately 4 in2 of  a c t i v e  area) t o  1-5/8 inches i n  
s i n t e r  d iameter  (approximately 2 i n 2  of act ive area). 
cons idered  as t h e  maximum and minimum p r a c t i c a l  ranges f o r  t he  app l i ca t ion .  
In t e rmed ia t e  s i z e s ,  vary ing  i n  diameter by 118 inch ,  were a l s o  cons t ruc ted .  
Each b i p o l a r  p l a t e ,  o r  end p l a t e ,  had a border  of 1 /4  inch f r e e  from s i n t e r  
f o r  s e a l i n g .  Thus, t h e  2-1/4 inch s i n t e r  had a s u b s t r a t e  of 2-3/4 inches 
i n  d iameter .  

All e l e c t r o d e s  w e r e  round d i s c s  and ranged i n  s i z e  from 2-1/4 inches  

These s i z e s  were 

The s i n t e r i n g  of a l l  p l a t e s  w a s  done i n  a cont inuous feed furnace,  
a tmospher ica l ly  c o n t r o l l e d .  The furnace and c o n t r o l s  were s p e c i f i c a l l y  
designed f o r  s i n t e r i n g  b i p o l a r  e l ec t rodes .  A photograph of  t h i s  furnace i s  
shown i n  F igure  2 .  The e l e c t r o d e s  were f i r e d  i n  a d r y  atmosphere con ta in ing  
a mixture  of 80% n i t r o g e n  and 20% hydrogen. The methods used f o r  applying 
t h e  n i c k e l  powder t o  t h e  p l a t e s  were as fol lows:  

S l u r r y  S i n t e r i n g  

The f i r s t  e l e c t r o d e s ,  4 i n 2 ,  were s i n t e r e d  us ing  t h i s  technique.  
cons i s t ed  of p l ac ing  a s l u r r y  of  n icke l  powder i n  an organic  b inder  onto a 
s u b s t r a t e  by f i l l i n g  t h e  c a v i t y  of a p l a s t i c  mold placed on one s i d e .  The 
e l e c t r o d e  w a s  allowed t o  d r y  i n  the  mold, t h e  mold removed, and t h e  p l a t e  
wi th  t h e  powder f i r e d  i n  t h e  furnace.  The process  w a s  repea ted  f o r  t h e  
second s i d e .  It w a s  found, i n  an earlier program(3),  t h a t  t h i s  process  
w a s  no t  r e a d i l y  adaptab le  t o  t h i n  shee t s  and s i n t e r s ,  due t o  shr inkage  of 
t h e  powder which caused poor adhesion. However, u s ing  a t h i c k e r  s u b s t r a t e ,  
.021 inch ,  t h e  problem of  adhesion was minimized. Due t o  the  h igh  shr ink-  
age r a t e ,  uniform p o r o s i t y  of s i n t e r s  could no t  be c o n t r o l l e d  i n  t h e  t h i c k e r  
p l a t e s .  

It 

- 3- 



FIGURE 2.  ATMOSPHERE CONTROLLED CONTINUOUS FEED, 
SINTERING FURNACE FOR BIPOLAR ELECTRODES 

OPERATOR - LOADING A PLATE 



Loose S i n t e r i n g  

Th i s  technique cons is ted  of f i l l i n g  a mold wi th  n i c k e l  powder, then  
l e v e l i n g  the  mold so  t h a t  t h e  d e s i r e d  th ickness  was obta ined .  No we t t ing  
agents  were used. The bond and the  des i red  p o r o s i t y  l e v e l s  were achieved 
by va ry ing  t h e  temperature and time cyc les .  A t y p i c a l  mold des ign  i s  
shown i n  Figure 3 .  I n i t i a l  sample l o t s  i nd ica t ed  t h a t  t h i s  method of s i n -  
t e r i n g  could be used t o  o b t a i n  good adhesion and c o n t r o l l e d  po ros i ty .  

Con t ro l l i ng  S i n t e r  Po ros i ty  

The p o r o s i t y  l e v e l s  and uniformity o f  s i n t e r s  w e r e  c o n t r o l l e d  by 
va ry ing  t h e  t ime-temperature cyc le s  on s i n t e r i n g ,  and thus ,  t h e  shr inkage 
o f  t h e  n i c k e l  powder. Because each s i d e  of a b i p o l a r  p l a t e  w a s  f i r e d  
s e p a r a t e l y ,  t h e  second s i d e  w a s  exposed t o  t h e  temperature-time cyc le  
twice, and showed g r e a t e r  shr inkage.  To o b t a i n  uniform shrinkage on e c 

i n d i c a t e d  t h a t  temperature  has  a g rea t e r  e f f e c t  on volume shr inkage (po ros i ty )  
o f  n i c k e l  powders than does t i m e .  Keeping t h e  s i n t e r i n g  t i m e  cons t an t ,  
t h e  e l e c t r o d e s  were f i r e d  a t  a h ighe r  temperature  on t h e  f i r s t  s i d e  than  
on t h e  second s i d e .  This  procedure gave s i n t e r  p o r o s i t i e s  i n  t h e  range 
o f  80% t o  82% i n  samples t e s t e d .  It i s  important ,  f o r  good performance, 
t h a t  p o r o s i t y  of s i n t e r s  be uniformly c o n t r o l l e d .  Higher p o r o s i t y  l e v e l s  
than  those  e s t a b l i s h e d  are normally assoc ia ted  wi th  l a r g e  openings i n  t h e  
sponge- l ike  s i n t e r  material, which may impair t h e  a b i l i t y  of t h e  s i n t e r  t o  
hold t h e  a c t i v e  materials due t o  l ack  of c a p i l l a r y  a t t ract ive f o r c e ,  Lower 
p o r o s i t y  l e v e l s ,  o r  h igh  d e n s i t y  s i n t e r s ,  w i l l  o f f e r  l i t t l e  volume f o r  t h e  
active materials. The uni formi ty  of  the p o r o s i t y  l e v e l s  i s  necessary  f o r  
t h e  c e l l s  t o  have equal  c a p a c i t i e s ,  s ince  they  w i l l  hold equal  volumes of 
a c t i v e  materials.  

s i d e ,  t h e  hea t ing  cyc le s  w e r e  modified on the  second s i d e .  L i t e r a t u r e  ?5P 

The l e v e l s  of p o r o s i t y  i n  t h e  s i n t e r s  were determined from t h e  amount 
of  t o luene  t h a t  t h e  s i n t e r  could hold.  Toluene w a s  used because o f ' i t s  
moderate boiling p o i n t  (110 .6O~) ,  iow su r face  t ens ion  (28.5 dyneslcm a t  
20°C; water has  a s u r f a c e  t ens ion  of 72.05  dynes/cm), and low v i s c o s i t y  
(0.590 Cp a t  2OOC). 
pores  and a slow ra te  of evapora t ion .  

These p r o p e r t i e s  p e r m i t  r ap id  p e n e t r a t i o n  i n t o  s m a l l  

Af t e r  measuring t h e  volume of  t he  s i n t e r  and weighing each b i p o l a r  
p l a t e  i n  t h e  d r y  cond i t ion ,  i t  w a s  wetted wi th  to luene  and t h e  excess  
b l o t t e d  wi th  b ibulous  paper .  
From the  recorded weight of absorbed toluene (knowing t h e  s p e c i f i c  g r a v i t y ) ,  
t h e  t o t a l  volume of  absorbed l i q u i d  was computed. The p l a t e  p o r o s i t y  w a s  
c a l c u l a t e d  from t h e  r a t i o  of absorbed volume of to luene  t o  t h e  t o t a l  vo l -  
ume of  t h e  p l a t e :  

The b ipo la r  p l a t e  w a s  then  r a p i d l y  reweighed. 

Volume of to luene  

Volume of  t o t a l  s i n t e r  
% Poros i ty  = x 100 

Severa l  batches of consecut ive ly  s i n t e r e d  p l a t e s  were examined and 
The p l a t e s  were found t o  t e s t e d  f o r  adhesion and uni formi ty  o f  s i n t e r .  

have good adhesion and uniform consis tency.  
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NICKEL SUBSTRATE SHEET 

A D I A .  = Dia. Of Desired Sintered Area P l u s  173 

B D I A .  = Dia. O f  Substrate Skeet P l u e  .OL5 inch 

c - Thickness of Sintered Area P l u s  269. 

FICI'URE 3 TYPICAL MOLD DESIGN FOR BIPOLAR PLATES 

6 
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Development of Impregnation Techniques 

P o s i t i v e  

The impregnation of b i p o l a r  e l ec t rodes  d i f f e r s  cons iderably  from t h a t  
of s tandard  p l a t e s  i n  t h e  nickel-cadmium b a t t e r y  system, Standard n icke l -  
cadmium e l e c t r o d e s  are impregnated by t h e  process  of immersion i n  a tank 
f i l l e d  wi th  an appropr i a t e  s o l u t i o n  containing t h e  p recu r so r s  of t h e  a c t i v e  
materials.  Each e l e c t r o d e  ( p o s i t i v e  o r  nega t ive)  i s  immersed s e p a r a t e l y  
i n  a d i f f e r e n t  s o l u t i o n ,  and the  amount of a c t i v e  material  absorbed by t h e  
e l e c t r o d e  i s  measured by t h e  weight gain.  

MATERIALS CAPACITY IN m a  

2.60 grams 750 

This  technique could not  be used f o r  impregnating b i p o l a r  p l a t e s  
s i n c e  both e l e c t r o d e s  ( p o s i t i v e  and negat ive)  are on oppos i te  s i d e s  of 
t h e  same shee t .  It became necessary t o  develop new techniques f o r  t h e  
impregnation of t h e  b i p o l a r  p la tes .  These cons i s t ed  of hand a p p l i c a t i o n s  
of  a chemical s o l u t i o n  f o r  both negat ive and p o s i t i v e  e l e c t r o d e s .  The 
method o f  a p p l i c a t i o n  i s  descr ibed  below. 

P o s i t i v e  Electrode Impregnation 

The impregnation of  t h e  p o s i t i v e  e l e c t r o d e  ( p o s i t i v e  s i d e  of t h e  
b i p o l a r  p l a t e )  w a s  accomplished by successive a p p l i c a t i o n s  of n i c k e l  
s a l t  s o l u t i o n s  with good we t t ing  p r o p e r t i e s  which were r e a d i l y  absorbed 
by t h e  s i n t e r .  

A t o t a l  of e i g h t  a p p l i c a t i o n s  were requi red  t o  impregnate t h e  pos i -  
t i v e  e l e c t r o d e  t o  t h e  des i r ed  l e v e l .  Af t e r  each impregnation, t h e  e l ec -  
t r o d e  w a s  thoroughly d r i e d ,  then  converted t o  n i c k e l  hydroxide wi th  a 
ho t  (140'F) sodium hydroxide so lu t ion .  The e l e c t r o d e  w a s  r i n s e d  t o  
n e u t r a l  (pH 7.0) w i th  deionized water and d r i e d  be fo re  t h e  next  impreg- 
na t ion .  S ince  usab le  c a p a c i t y  i s  only 80% of  t h e o r e t i c a l ,  t h e  impregnation 
was c a l c u l a t e d  t o  compensate f o r  t h e  l o s s  i n  e f f i c i e n c y .  

The e l e c t r o d e s  were impregnated t o  t h e i r  p r a c t i c a l  l i m i t ,  which i s  
approximately 75% of t h e  f r e e  t h e o r e t i c a l  volume. The fol lowing a r e  the  
average weight ga ins  f o r  4 i n 2  e l ec t rodes  (2-1/4 inch diameter  s i n t e r ) ,  
found by weighing each e l e c t r o d e  before  and a f t e r  impregnation. 

1 ELECTRODE I G A I N  I N  ACTIVE I EQUIV. THEORETICAL 1 

Negative Elec t rode  Impregnation 

The impregnation of t h e  nega t ive  s i d e  of t h e  b i p o l a r  p l a t e  w a s  accom- 
p l i shed  i n  a manner s imi l a r  t o  t h e  p o s i t i v e  s i d e .  A concent ra ted  s o l u t i o n  
of  cadmium n i t r a t e  [Cd(N03)2] w a s  used f o r  t h e  impregnation of t h e  nega t ive  
e l e c t r o d e s .  
nega t ive  e l e c t r o d e . .  Each a p p l i c a t i o n  w a s  followed by a conversion i n  sodium 
hydroxide and prolonged washing and drying cyc le s .  

Four success ive  app l i ca t ions  w e r e  r equ i r ed  t o  impregnate the  
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The average weight gains  of  t h e  nega t ive  e l e c t r o d e s  wi th  4 i n2  of 
s i n t e r  were found t o  be as follows: 

ELECTRODE G A I N  I N  ACTIVE EQUIV. THEORETICAL 
MATERIALS CAPACITY I N  mAh 

600 - 680 I 1 Negative 1 1.64 grams 

The p o s i t i v e  material i s  about 80% u t i l i z a b l e ,  which y i e l d s  600 mAh. 
The range of  t h e  nega t ive  capac i ty  i s  due t o  t h e  degree of dehydrat ion of 
the Cd(OH), t o  CdO which occurs  on drying. 
than  90%. 

The u t i l i z a t i o n  h e r e  i s  b e t t e r  

The t h e o r e t i c a l  c a p a c i t i e s  o f  smal er e l e c t r o d e s ,  wi th  30 m i l  t h i c k  1 s i n t e r s  and a c t i v e  areas less than 4 i n  , were p ropor t iona l  o those  shown 
above. Thus, an e l e c t r o d e  wi th  2 inches i n  diameter  (3 .1  in5  o f  a c t i v e  
area) w a s  impregnated t o  a $heore t i ca l  c a p a c i t y  of 450 mAh, and one wi th  
1-3/4 inch  diameter (2 .4  i n  ) t o  350 mAh. The capac i ty  of  a b i p o l a r  
m u l t i c e l l  b a t t e r y  i s ,  of  course,  l imi ted  by t h e  capac i ty  of  t he  lowest 
c e l l  o r  e l e c t r o d e .  

Format ion  

Nickel-cadmium e l e c t r o d e s  must i n i t i a l l y  be subjec ted  t o  e l e c t r o -  
chemical a c t i v i t y  a l i e n  t o  c e l l  u s e .  This  i s  necessary t o  conver t  t h e  
"chemically" formed pass ive  n i c k e l  hydroxide @i(0H)2] and cadmium hydroxide 
[Cd(OH)2] t o  t h e  more a c t i v e  "electrochemical ly"  formed hydroxides .  

improves t h e  coulombic e f f i c i e n c y  ( ava i l ab le  energy from t h e o r e t i c a l  
energy)  o f  t he  nickel-cadmium c e l l .  

This  

The formation of  t he  squib  b a t t e r y  e l e c t r o d e s  w a s  accomplished 
through r epea ted  charging and d ischarg ing  of oppos i t e  s i d e s  of t h e  b i p o l a r  
p l a t e s  wh i l e  they  were immersed i n  an open tank con ta in ing  potassium hy- 
droxide .  

The charg ing  w a s  performed wi th  a cons t an t  c u r r e n t  power supply a t  
t h e  C r a t e  t o  an end vo l t age  co inc ident  w i t h  a downward break i n  t h e  
v o l t a g e  curve.  Each s i d e  of  the b ipo la r  p l a t e  w a s  given a t o t a l  of 
t h r e e  f u l l  charge-discharge cyc le s .  Following the  t h i r d  c y c l e ,  t h e  
p l a t e s  were brought t o  e lec t rochemica l ly  zero p o t e n t i a l  s o  t h a t ,  dur ing  
assembly i n t o  a t e s t  c e l l ,  t h e  p l a t e s  would be i n  an e l ec t rochemica l ly  
n e u t r a l  s ta te .  

- 8- 



SINGLE CELL EVALUATION - SUMMARY OF TEST DATA 

Tn o rde r  to eva lua te  u l t i m a t e  b a t t e r y  performance, s i n g l e  t es t  ce l l s  
w e r e  cons t ruc t ed .  These c e l l s  w e r e  made up from two end p l a t e s ,  one im-  
pregnated wi th  p o s i t i v e  and the  o t h e r  with nega t ive  materials. Each end 
p l a t e ,  t h e r e f o r e ,  w a s  i n  essence a ha l f  o f  a b ipo la r  e l e c t r o d e  wi th  t h e  
o t h e r  s i d e  l e f t  smooth f o r  e l e c t r i c a l  connections and packaging. Cel ls  
were assembled with s e p a r a t o r s  of  non-woven nylon and sandwiched between 
two b o l t e d  p l a s t i c  plates  which exerted p res su re  on t h e  c e l l  and maintained 
in t ima te  con tac t  between the  e l ec t rode  and t h e  w e t  s e p a r a t o r .  The e n t i r e  
package w a s  placed i n  a con ta ine r  f i l l e d  wi th  KOH s o l u t i o n .  

The extending te rmina ls  of t h e  t e s t  c e l l s  were connected t o  a cons tan t  
c u r r e n t  power supply and charged a t  600 mA f o r  one hour ,  t o  a te rmina l  
v o l t a g e  o f  1.59 v o l t s .  Figure 4 shows a t y p i c a l  t es t  set-up f o r  s i n g l e  
ce l l s .  

Capaci ty  Discharges 

2 F i r s t  c e l l s  b u i l t  were cons t ruc ted  of  end p l a t e s  with.4 i n  a c t i v e  
area. 
c u r r e n t  of  600 mA t o  te rmina l  vo l t ages  o f  1.0 v o l t s .  F igure  5 shows a 
d i scha rge  curve of a 4 in2  b i p o l a r  cell  made from two end p l a t e s .  The 
c a p a c i t y  he re  i s  600 mAh. 

The i r  c a p a c i t i e s  were determined by d ischarg ing  a t  a cons t an t  

z S m a l l e r  p l a t e s  wi th  2 i n  of  s i n t e r  area (1-5/8 inch diameter)  were 
impregnated t o  an average weight ga in  of 0 .7  grams of p o s i t i v e  mater ia l ,  
equ iva len t  t o  a t h e o r e t i c a l  capac i ty  of 202 mAh, The nega t ive  e l e c t r o d e  
gained a n  average of 0 .9  grams, equiva len t  t o  a t h e o r e t i c a l  c a p a c i t y  of 
326 mAh. 
end p l a t e s  y ie lded  from 150 t o  165 mAh. 

Actual d i scharge  capac i ty  of s i n g l e  flooded c e l l s  made from 

The capac i ty ,  t h e r e f o r e ,  f o r  any s i z e  under cons ide ra t ion  w a s  
s u f f i c i e n t  t o  s a t i s f y  the  150 mAh requirement.  

Pulse  Discharges of 4 i n2  Cells 

To a s c e r t a i n  c e l l  performance t o  y i e l d  high ra te  pu l se  d i scha rges ,  
f u l l y  charged t e s t  c e l l s ,  made up of  b ipo la r  end p l a t e s ,  w e r e  connected 
t o  loads which produced a 10 ampere d ra in .  The c e l l  t e rmina ls  were a l s o  
connected t o  a Brush Recorder t o  read vo l t age  and t i m e  i n t e r v a l s  of  one 
second dura t ion .  Because of  c a l i b r a t i o n  adjustments ,  a c t u a l  d r a i n s  were 
somewhat h ighe r  than t h e  10 amperes expected. Likewise,  t ime i n t e r v a l s  
were longer  t,han one second. 

F igures  6a and 6b a r e  the  graphs of  two consecut ive p u l s e  d ischarges  
of  a flooded 4 in2  b i p o l a r  c e l l .  
28 consecut ive  pulses  (without recharg ing) .  The f i r s t  s i x  pu l ses  were 
above one v o l t .  The fol lowing 2 2  pulses  were s l i g h t l y  below t h e  minimum 
of  one v o l t  p e r  c e l l  (5  v o l t s  p e r  b a t t e r y ) .  Pu l se  N o .  6 Ls shown i n  
F igure  7a.  A 20 ampere pu l se  discharge of  t h e  same c e l l  ( a f t e r  recharg ing)  
i s  shown i n  F igure  7b0 

The c e l l  w a s  pulsed f o r  a t o t a l  o f  
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FIGURE 4 .  TEST SET-UP FOR SINGLE CELL WITH BIPOLAR PLATES 
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FIGURE 6a  PULSE 1 CURRENT - 11 .5  AMPERES 

PULSE DISCHARGE OF SINGLE BIPOLAR CELL 
WITH 4 SQUARE INCHES OF ACTIVE PLATE AREA 
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FIGURE 6 b  PULSE 2 CURRENT - 11.5 AMPERES 

PULSE DISCKARGE OF SINGLE BIPOLAR CELL WITH 
4 SQUARE INCHES OF ACTIVE PLATE AREA 

Vol zs 

Vol ,: 

12 
-4-4004 



FIGURE l a  PULSE 6 CURRENT - 11.5 AMPERES 

PULSE DISCHARGE OF SINGLE BIPOLAR CELL WITH 
4 SQUARE INCHES OF ACTIVE PLATE AREA 
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FIGURE 7 b  PULSE 1 CURRENT - 20 AMPERES 

PULSE DISCHARGE OF SINGLE BIPOLAR CELL WITH 
4 SQUARE INCHES OF ACTNE PLATE AREA 
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2 
The c u r r e n t  d e n s i t y  of the  c e l l  with 4 i n  of  a c t i v e  area gives:  

11.5 amperes 2 Current d e n s i t y  = - - 2 = 2.87Afin 
Current 

Area 4 i n  

t o  1 . 0  v o l t ,  f o r  t he  pulses  i n  F igure  6 .  

For t h e  20 ampere d i scha rge ,  t h e  c u r r e n t  d e n s i t y  i s  5 A/in2 t o  
1 . 0  v o l t .  Hcvever, t he  vo l t age  en subsequent pu l se s  would drop below the  
one v o l t  l e v e l .  

2 2 Pu l se  Discharges of Smaller Cel ls  (3 .1  I n  t o  2 I n  ) 

It  would seem l o g i c a l  t o  suspec t  t h a t  i f  t h e  area and t h e  c u r r e n t  
were reduced by h a l f ,  t h e  c u r r e n t  dens i ty  would remain cons t an t ,  and 
t h e r e f o r e ,  t h e  vo l t age  would a l s o  remain unchanged. 

Flooded c e l l s ,  cons t ruc ted  from b ipo la r  end p l a t e s  ( s i n t e r e d  on one 
s i d e  only)  with 2 i n2  of  a c t i v e  area ( c i r c u l a r  p l a t e s  of  1-5/8 inch d i a -  
meter o f  s i n t e r )  were cons t ruc ted  and assembled wi th  7 m i l  s e p a r a t o r s  of 
non-woven nylon. The c e l l s  were clamped between two p l a s t i c  blocks and 
immersed i n  a beeker conta in ing  a 34% s o l u t i o n  of  KOH. Two n i c k e l  t a b s ,  
spotwelded t o  t h e  end p l a t e s ,  protruded above t h e  e l e c t r o l y t e  and con- 
nected t o  t es t  equipment * 

Two types of  t e s t  procedures were used t o  eva lua te  t h e  c u r r e n t  
vo l t age  r e l a t i o n s h i p s ,  The f i r s t  cons is ted  of a c t u a l  u l s e  d ischarge  
of  10 amperes f o r  one second, t h e  same as f o r  t he  4 i n  p l a t e s .  I n  t h i s  
procedure,  t h e  c e l l  under t e s t  w a s  backed up by a h igh  c a p a c i t y  (35 Ah) 
b a t t e r y  of 28 v o l t s  t o  s u s t a i n  a constant  c u r r e n t  r ega rd le s s  of t h e  v o l t -  
age changes i n  t h e  t es t  c e l l .  

5 

ml- L L L C  - second type of t es t  cons is ted  of  p u l s e  discharges  of 20 m i l l i -  
seconds d u r a t i o n  through a f ixed  load. This  t e s t  has  an advantage i n  t h a t  
t h e  t es t  c e l l  i s  supplying t h e  energy and i s  no t  a c t i n g  as a r e s i s t o r ,  
which i t  does dur ing  a forced discharge.  I n  some i n s t a n c e s ,  d i sc repanc ie s  
were observed between t h e  two methods, A s  a check of  t h e  f i r s t  t e s t  method, 
a series o f  pu l se  d ischarges  were conducted us ing  t h e  second method. 
a b e t t e r  understanding of t h e  problem, ( c u r r e n t  d e n s i t y  as a func t ion  of 
e l e c t r o d e  a rea )  r e fe rence  e l e c t r o d e s  were used wi th  the  f ixed  load pu l ses .  

For 

F igure  8 shows a schematic diagram o f  a c i r c u i t  f o r  pu l se  d ischarges  
The key element in  the  c i r c u i t  i s  t h e  switch (SW). of s h o r t  d u r a t i o n .  

I n  o r d e r  t o  o b t a i n  a good con tac t  f o r  a s h o r t  t i m e ,  a r o t a r y  switch was 
made. A diagram of  t h i s  switch i s  shown i n  Figure 9 .  The swi tch  was 
d r iven  by a 27  RPM motor wi th  ad jus t ab le  c o n t a c t s ,  c o n t r o l l e d  by sp r ing  
t ens ion .  The con tac t  t i m e  w a s  set  by a d j u s t i n g  t h e  angle  of t h e  con tac t  
arm and the  sp r ing  tens ion .  The load bank (' 'Lf1) w a s  se t  t o  correspond 
t o  t h e  d i scha rge  cond i t ions ,  and the  shunt ("S") measured t h e  c u r r e n t  
f lowing i n  t h e  c i r c u i t .  
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sw = Rotating Switch 
L = Load Back 
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XX - To Oscilloscope for Current Neasuremmt 
YY = To Oscilloscope for Voltage Measurement 
/ 

FIGURE 8 HIGH CURRENT - LOW VOLTAGE DISCHARGE APPARATUS 

15 5-1090 



Direction of 
Rotation I /-Rotating Brass Disc 

/ I 
/- 

/H%nh Current 

Mercury Res 
Grove Cut in Disc 

ervoir in 

FIGURE 9. 

I L C R O  Trigger Contacts 
I 

Syncronous 
Motoil and Drive 

27 rpm 
110 v, 60 cps 

I 

MOTOR DRIVEN SWITCH 



The te rmina l  load w a s  measured p r i o r  t o  d ischarge  us ing  a Mueller 
Bridge. The cu r ren t  was measured across t h e  shunt and c e l l  vo l t age  c a l -  
c u l a t e d ,  o r  c e i l  vo l tage  measured across  t h e  te rmina ls  and b a t t e r y  
vo l t age  c a l c u l a t e d .  To avoid t h e  e f f e c t s  of d i s t r i b u t e d  load and ter-  
minal  r e s i s t a n c e  o f  t he  c e l l ,  vo l tage  and c u r r e n t  were not  measured 
s imul taneous ly  i n  t h i s  experiment,  However, i n  l a t e r  tes ts  t h e  c i r c u i t  
w a s  improved t o  p e r m i t  both measurements s imultaneously.  

F igures  10a and 10b are pu l se  discharge t r a c e s  of a s i n g l e  flooded 
c e l l  wi th  2 i n 2  of  a c t i v e  a r e a .  
and then  pulsed a t  10 amperes ( forced d i scha rge )  wi th  t h e  vo l t age  recorded 
on a Brush Recorder Mark 11. Subsequent tes ts  gave s imilar  r e s u l t s .  The 
c e l l  v o l t a g e  w a s  j u s t  below the  1 .0  v o l t  l e v e l  a t  t h e  end of one second. 
This  i s  below t h e  expected l e v e l  based on the  r e s u l t s  ob ta ined  wi th  a 
4 i n 2  c e l l  pulsed a t  20 amperes.  

The c e l l  w a s  charged a t  15 mA f o r  16 hours 

The tes t  with t h e  4 i n 2  plates  was dup l i ca t ed  us ing  t h e  second tes t  
method. A f u l l y  charged c e l l  w a s  pulsed a t  f ixed  loads us ing  an o s c i l -  
loscope and a camera t o  record the  cu r ren t .  F igure  11 shows osc i l l o scope  
t r a c e s  of the  d i scha rges ,  Calcu la t ing  t h e  vo l t age  drops a t  t h e s e  c u r r e n t s ,  
t h e  r e s u l t i n g  c e l l  vo l t age  of 1 . 2 8  v o l t s  i s  assumed a t  zero c u r r e n t ,  s i n c e  
t h i s  i s  t h e  normal open c i r c u i t  vol tage of  a nickel-cadmium c e l l  a f t e r  
s e v e r a l  days on s t and .  Ca lcu la t ing  the v o l t a g e  drops a t  t h e s e  c u r r e n t s ,  
t h e  r e s u l t i n g  c e l l  vo l t age  was p lo t t ed  on a graph, shown i n  F igure  1 2 ,  
The r e s u l t s  show t h a t  a t  10 amperes, a c e l l  v o l t a g e  of 0.98 v o l t s  can 
be expected f o r  t h e  2 i n 2  c e l l s ,  which i s  c o n s i s t e n t  w i th  t h e  forced d i s -  
charge r e s u l t s  e 

To ga in  knowledge about t h e  behavior o f  each ind iv idua l  e l e c t r o d e ,  
a s e r i e s  of  
e l e c t r o d e . ( 6 7  The traces i n  F igure  13 show t h e  nega t ive  e l e c t r o d e  as 
h i g h l y  po la r i zed  ( A V  = 0.66 v o l t s )  a t  t h e  s t a r t  of t h e  d i scha rge ,  
then  recovers  about 0 . 1  v o l t  dur ing  the f i r s t  8 mi l l i s econds .  The pos i -  
t i v e  e l e c t r o d e  shows a drop of 0 .25  v o l t  a f t e r  one mi l l i s econd ,  and cont inues  
t o  dec rease ,  wi th  t i m e ,  a t  a r a t e  g r e a t e r  than the  recovery of t h e  nega t ive .  
The combination r e s u l t s  i n  a s t eady  decrease  of c e l l  v o l t a g e  wi th  t i m e .  
F igure  13b shows t h a t  t h e r e  is  v e r y  l i t t l e  change i n  c u r r e n t  dur ing  t h e  
p u l s e  d u r a t i o n .  However, t he  cu r ren t  v a r i e s  wi th  t h e  vo l t age  a t  t h e  con- 
s t a n t  l oad ,  u n l i k e  a forced d ischarge  a t  cons t an t  c u r r e n t ,  

u l s e  d i scha rges  were conducted us ing  a Hg/HgO re fe rence  

The tes t s  wi th  the  r e fe rence  e l ec t rode  show t h e  presence of ac t iva -  
t i o n  p o l a r i z a t i o n  i n  both e l e c t r o d e s - - s l i g h t l y  h igher  i n  t h e  nega t ive  than  
i n  t h e  p o s i t i v e  e l e c t r o d e .  However, t h e  p o s i t i v e  e l e c t r o d e ,  which i s  
g r e a t l y  s u s c e p t i b l e  t o  concen t r a t ion  p o l a r i z a t i o n ,  shows t h e  presence 
o f  t h i s  p o l a r i z a t i o n  by the  vo l t age  drop inc rease  wi th  t i m e .  

To r u l e  out  t he  p o s s i b i l i t y  of a "state of charge" e f f e c t ,  a c e l l  
w a s  sub jec t ed  t o  t h r e e  consecut ive  pulses  a t  one minute i n t e r v a l s  without  
recharg ing .  The d ischarge  t r a c e s  a re  shown i n  F igure  13d. These traces 
a r e  almost superimposed on each o ther ,  and show no change i n  the  r a t e  
of decay wi th  t h e  s t a t e  of charge.  
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FIGURE loa PULSE NO. 1 10 AMPERES PULSE DISCHARGE FqR A SINGLE BIPOLAR CELL 
WITH 2 .07  IN ACTIVE PLATE AREA 

FIGURE lob PULSE NO. 2 3.9 AMPERES PULSE DISCHARGE FOR A SINGLE BIPOLAR 
WITH 2.07 IN2 ACTIVE PLATE AREA 

18 

CELL 

4-1092 



W 
tX 60 w 

40 
5 20 

0 

0 1 2 3 4 5 6 7  
TIME IN MILUSECONDS 

(OSCILLOSCOPE TRACES OF 4 SQUARE INCH 
BIPOLAR ELECTRODES) 

FIGURE l l a  

FIGURE l l b  

FIGURE l l c  



i 

CURRENT (Amperes) 

FIGURE 12 VOLTAGE-CURRENT RFUTIONSHIP 
SINGLE BIPOLAR CELL FOUR IN2 ACTIVE AREA 

(From Oscilloscope Pictures) 

4-1007 





S i n g l e  c e l l  pu l se  d i scha rges  were conducted with e l e c t r o d e s  having 
a c t i v e  ( s i n t e r )  a eas  of  2 .4  i n 2  (1-3/4 inch d i a . ) ,  2 . 7  i n2  (1 -7 /8  inch d i a . ) ,  
and 3.1 i n 2  (2 i n  ) *  The t e s t s  w e r e  conducted us ing  the  forced discharged 
method a t  cons tan t  c u r r e n t .  The r e s u l t s  are shown i n  Figures  14, 15, and 16. 
The d a t a  show an inc rease  i n  vo l t age  as t h e  a c t i v e  ( s i n t e r )  a r eas  inc rease  
from 2 i n 2  t o  3 .1  in2 .  However, t he re  i s  a l a r g e r  jump i n  performance f o r  
t h e  3 . 1  i n 2  (2  inch d i a . )  e l e c t r o d e s ,  although t h e  area inc rease ,  i n  each 
s i z e ,  i s  approximately a t  a r a t i o  of  1 .15: l .  

5 

2 Data from Figure  16 i n d i c a t e  t h a t  t h e  2 i n  e l e c t r o d e ,  i f  assembled 
i n t o  a f i v e - c e l l  b a t t e r y ,  would y i e l d  10 amperes a t  5 v o l t s .  The smaller 
p l a t e s  would g ive  marginal  performance wi th  r e s p e c t  t o  the  5 v o l t  c u t o f f  
l e v e l  e 

- 22- 
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FIGURE Ma PULSE #1 CURRENT 11.0 AMPERES 
PULSE DISCHARGE OF A SINGLE BIPOLAR CELL 

WITH 2.40 IN2 ACTIVE PLATE AREA 
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FIGURE PULSE #2 CURRENT 11.0 AMPERES 

WITH 2.40 IN2 ACTIVE PLATE AREA 
PULSE DISCHARGE OF A SINGLE BIPOLAR CELL 
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FIGURE 6 b  PULSE 112 CURRENT 10.5 AMPERES 
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EVALUATION OF FHVE-CELL BATTERIES 

To a s c e r t a i n  t h e  r e s u l t s  of s i n g l e  b i p o l a r  c e l l s  when assembled 
i n t o  €i-v7e-cell b a r r e r i e s ,  s eve ra l  were b u i l t  and t e s t e d .  

A f i v e - c e i i  baEcery was assembled from t h e  1-5/8 diameter e l ec t rodes  
(2  i n2 )  with a sepa ra to r  of 7 m i l  non-woven nylon. Sea l ing  t h e  c e l l s  w a s  
d i f f i c u l t .  The b a t t e r y  was assembled i n  t h e  fol lowing manner. The elec- 
t rode  f l anges  were coated wi th  a s e a l a n t  ( s f  l i q u i d  neoprene) and "0" r i n g s  
placed between each b i p o l a r  p l a t e ,  The b a t t e r y  w a s  assembled by s t ack ing  
the  p l a t e s  on top of each o t h e r  as follows. The e l e c t r o l y t e  w a s  added t o  
the  s i n t e r ,  then the  sepa ra to r  was placed over t h e  s i n t e r  and more e l ec -  
t r o l y t e  added, The next  b i p o l a r  p l a t e  was placed on top and t h e  procedure 
repea ted  u n t i l  t h e  end p l a t e  w a s  assembled. The b a t t e r y  w a s  clamped be- 
tween b locks  of  1 / 2  inch t h i c k  l u c i t e  and fas tened  wi th  machine screws 
around t h e  per iphery .  A photograph of t h e  t es t  b a t t e r y  i s  shown i n  
F igure  1 7 ,  

The b a t t e r y  w a s  charged a t  10 mA f o r  27-1/2 hours ,  with ind iv idua l  
c e l l s  being monitored. Figure 18 shows the  average c e l l  vo l t age  and t h e  
spread i n  c e l l  vo l t ages  dur ing  the  charge. The b a t t e r y  w a s  p laced on 
open c i r c u i t  wi th  a l l  c e l l  vo l t ages  monitored a t  1.38 v o l t s .  It w a s  then 
discharged a t  100 mA as shown i n  t h e  r i g h t  hand s i d e  of Figure 18. This  
f i g u r e  g ives  average c e l l  vo l t ages  including vo l t age  spread of each ce l l  
( b a t t e r y  vo l t age  i s  f i v e  t imes the  average c e l l  v o l t a g e ) .  The c e n t e r  
c e l l  f e l l  t o  0.18 v o l t  a f t e r  55  minutes of d i scha rge ,  although a l l  o the r  
c e l l s  were a t  1.20 v o l t s .  After t h e  d ischarge ,  t h e  b a t t e r y  w a s  d i s -  
assembled, t h e  e l ec t rodes  washed and d r i e d ,  and reassembled changing t h e  
p o s i t i o n  of the  b i p o l a r  e l e c t r o d e s .  The r e s u l t a n t  vo l t age  readings  were 
t h e  same, The c e n t e r  e l e c t r o d e  f a i l e d  f i r s t ,  as be fo re .  

A c a r e f u l  s tudy  of t h e  s i t u a t i o n  revea led  t h a t  t he  c e n t e r  c e l l  w a s  
not  s e a l i n g  and, t h e r e f o r e ,  l o s ing  e l e c t r o l y t e  dur ing  overcharge; due 
t o  t h e  compression methsd used,  the gas p re s su re  dur ing  overcharge was 
fo rc ing  e l e c t r o l y t e  o u t ,  The c e l l  was reassembled us ing  Kel-F grease  on 
the  "0" r i n g s .  The c e l l  w a s  placed on charge and discharged a t  t h e  100 mA 
ra te .  A l l  c e l l  vo l t ages  were uniform wi th  no v i s i b l e  leaks  from t h e  c e l l s .  
The b a t t e r y  was pulsed a t  10 amperes and t h e  vo l t age  recorded on t h e  Brush 
Recorder Mark 11. The r e s u l t s  obtained (Figure 19) are almost i d e n t i c a l  
wi th  those  shown i n  Figure 10. The c o r r e l a t i o n  between the  5 - c e l l  b a t t e r y  
and the  s i n g l e  c e l l  of F igure  10 w a s  made by d iv id ing  t h e  b a t t e r y  vo l t age  
by 5 .  

A second f i v e - c e l l  b i p o l a r  b a t t e r y  was assembled with 4 i n 2  (1-3/4 d i a . )  
e l e c t r o d e s .  However, t o  g ive  t h e  cells a d d i t i o n a l  f r e e  volume, and t o  com- 
pensa te  f o r  t h e  e f f e c t s  of concent ra t ion  p o l a r i z a t i o n ,  t he  nega t ive  s i d e  of 
t h e  s i n t e r  w a s  c u t  down t o  1 -5 /8  inch  diameter  (2  i n 2 ) o  This  gave the  
b a t t e r y  an a c t i v e  area of 2 i n 2 0  
d i f f e r e n c e  of t h e  p o s i t i v e  e l e c t r o d e  (2 .40  i n 2 )  and nega t ive  e l e c t r o d e  
(2.07 i n  ), t i m e s  t he  th ickness  of one e l e c t r o d e  ( .030 inch ) ,  o r  approxi- 
mate ly  0 ,16  c c ,  

Each c e l l  had a f r e e  volume equal  t o  t h e  

2 

An e las tometer  type seal  known as "Quad-Ring Seal" ,  manufactured by 
t h e  Minnesota Rubber Co., Minneapolis,  Minnesota,  w a s  used t o  seal  ind iv-  
i d u a l  c e l l s  o f  t he  b a t t e r y .  This  seal makes a two po in t  c o n t a c t  wi th  a 
s e a l i n g  su r face .  
and f l e x i b i l i t y  of t h e  four-lobed s e a l i n g  su r face ,  made i t  easier t o  apply 

The r e l a t i v e  square  c r o s s - s e c t i o n  of t h e  "quad" r i n g  

- 26- 



FIGURE 17. FIVE CELL BATTERY WITH 2 IN2 OF SINTER AREA 





FIGURE 13a PULSE NO. P CURRENT 10 AMPERES 
PULSE DISCHARGE FOR A 9 CELL BIPOLAR TTERY WITH ACTIVE PL4TE AREA OF 2.07 I N  9 / PLATE 

FIGURE 19b PULSE NO. 2 CURRENT 10 AMPERES 
PULSE DISCHARGE FOR A 5 CELL BIPOLAR BATTERY 
WITH ACTIVE PLATE AREA OF 2.07 IN2 /PLATE 
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p r e s s u r e  to  the c e l l  s t a c k  and o b t a i n  in t ima te  c o n t a c t  between w e t  sep- 
a r a t o r s  and e l e c t r o d e s ,  f o r  lower c e l l  impedance. A c r o s s - s e c t i o n a l  
view of  a s i n g l e  b i p o l a r  c e l l  assembled wi th  a "quad" r i n g  i s  shown i n  
F igure  20, 

The f i v e - c e l l  b a t t e r y  (2  i n2  a c t i v e  area) w a s  encapsulated i n  a 
p o t t i n g  compound with p o s i t i v e  and negat ive  threaded t e rmina l s  pro t ruding  
from i t o  After  one formation cyc le ,  t h e  b a t t e r y  w a s  pulsed ac ross  a 
0 -49  ohm load f o r  s i x  consecut ive  one second p u l s e s .  The r e s u l t s  are 
shown i n  Figure 21.  These r e s u l t s  are i d e n t i c a l  wi th  those  p rev ious ly  
obta ined  from f i v e - c e l l ,  2 i n  , b i p o l a r  b a t t e r i e s .  The vo l t age  on t h e  f i r s t  
p u l s e  w a s  4 , 9  v o l t s  

2 

Following the  pu l se  d i scha rges ,  t he  b a t t e r y  w a s  given a cons t an t  
c u r r e n t  charge of 15 mi l l iamperes .  Af te r  s i x t e e n  hours  of charg ing ,  a 
s m a l l  e l e c r r o l y t e  leak  w a s  observed emanating from t h e  junc t ion  of t h e  
p o s i t i v e  s tud  and p o t t i n g  compound. The b a t t e r y  was taken a p a r t  and ex- 
amined fo r  causes  of  f a i l u r e .  It w a s  found t h a t  t h e  leak  occurred from 
one c e l l ,  t h e  end c e l l ,  where t h e  e l e c t r o l y t e  had pene t r a t ed  t h e  bond 
between the p o t t i n g  compound and t h e  end p l a t e .  

A t h i rd  f i v e - c e l l  ba t ce ry  w a s  assembled. The e l e c t r o d e  s i z e s  of 
both t h e  p o s i t i v e  and nega t ive  s i n t e r s  were 2-114" i n  diameter  ( 4 i n 2  
of a c t i v e  a r e a ) .  The n i c k e l  s u b s t r a t e s  w e r e  thoroughly c leaned ,  sand 
b l a s t e d ,  wiped down with MEK, and washed and d r i e d .  The e l e c t r o l y t e  
w a s  introduced i n t o  each c e l l  p r i o r  t o  assembly by we t t ing  t h e  7 m i l ,  
non-woven nylon sepa ra to r  with KOH and we t t ing  t h e  s i n t e r s  w i th  the  ba l -  
ance u n t i l  it w a s  a l l  absorbed. The edges of t h e  n i c k e l  s u b s t r a t e  w e r e  
aga in  cleaned wi th  a mild s o l u t i o n  of b o r i c  a c i d ,  washed and d r i e d .  A 
"quad" r i n g ,  coated t h i n l y  with Kel-F g rease ,  w a s  p laced between each 
c e l l .  The e n t i r e  5 - c e l l  module w a s  then  placed i n t o  a t i g h t l y  he ld  mold 
and encapsulated wi th  a p o t t i n g  compound, ERL-2795, manufactured by 
Union Carbide Go, Afte r  the  p o t t i n g  compound s o l i d i f i e d ,  t h e  b a t t e r y  
w a s  removed from t h e  mold and r e s t r a i n e d  between two l u c i t e  s h e e t s ,  
112  inch  th i ck ,  and placed on charge a t  t h e  20 mA cons t an t  c u r r e n t  ra te .  

P r i o r  t o  pu l s ing  a t  t h e  10 ampere ra te ,  t h e  b a t t e r y  w a s  given one 
d i scha rge  a t  600 mA t o  one v o l t .  The c a p a c i t y  above 1 . 0  v o l t  w a s  570 mAh. 

The b a t t e r y  was given a second charge and pulsed a t  10 A f o r  one 
second, The vo l t age  and c u r r e n t  w e r e  recorded on an osc i l l o scope .  The 
osc i l l o scope  t r a c e s  of t he  pu l se  d ischarge  are shown i n  F igure  22 .  

The vol tage  a t  the  10 ampere pu l se  w a s  a t  t h e  5 v o l t  l e v e l  f o r  t h e  
l a r g e  4 in2  b i p o l a r  b a t t e r y .  

It was f e l t  t h a t ,  even though no leaks  were immediately observed, 
t h i s  method o f  s e a l i n g  o f f e r s  no measure of r e l i a b i l i t y ,  and o t h e r  tech- 
niques need t o  'be developed t o  o b t a i n  a r e l i a b l e  sea l .  
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Adhesive Bonding 

The app l i ca t ion  of a rubber-to-metal  adhesive bond i n  t h e  assembly 
of  b ipo la r  b a t t e r i e s  suggested i t s e l f  when o t h e r  means f a i l e d  t o  produce 
r e l i a b l e  s e a l s  

The j o i n t  geometry i s  p a r t i c u l a r l y  adaptab le  f o r  adhesive bonding 
s i n c e  the  s u b s t r a t e  i s  an i d e a l  l ap  j o i n t  i n  t e n s i o n  wi th  t h e  stress 
(generated by t h e  c e l l  p re s su re )  perpendicular  t o  t h e  p l ane  of t h e  jo ined  
s u r f a c e s  

With proper assembly techniques ,  c leavage and pee l  stresses can be 
minimized. The added support  of t he  encapsula t ing  compound would con- 
t r i b u t e  t o  un i formi ty  of  stress d i s t r i b u t i o n  ac ross  t h e  adhesive j o i n t s  
and prevent: pee l ing  tendencies  caused by t h e  t e n s i l e  stresses i n  t h e  
f r e e  edges of t h e  adhesive j o i n t s .  

Sur face  Treatment 

An important a spec t  of adhesive bonding i s  t h e  s u r f a c e  p repa ra t ion  and 
t rea tment  p r i o r  t o  making the  j o i n t .  Adherent s u r f a c e s  must be p r e t r e a t e d  
and kept  c lean  u n t i l  bonded, 

Although the  forces  which produce adhesion between organic  materials 
and metal  su r f aces  are no t  c l e a r l y  understood,  i t  i s  known t h a t  t h e s e  
fo rces  a r e  shor t - range  wi th  r e spec t  t o  molecular  dimensions.  Therefore ,  
t h e  presence of fo re ign  substanzes w i l l  i n t e r f e r e  with the  c l o s e  approach 
o r  in t imate  con tac t  between adhesive and adherent ,  and would r e s u l t  i n  
lower su r face  energy and poor bond, 

Three methods f o r  c leaning  the  s u r f a c e  of t he  n i c k e l  s u b s t r a t e  w e r e  
cons idered"  chemical,  mechanical ab ras ion ,  and degreas ing .  With some 
v a r i a t i o n s  i n  procedures ,  t h e  l a t t e r  two were employed. The chemical 
c l ean ing  was not  considered p r a c t i c a l .  The recommended composition of t h e  
e t c h a n t  fo r  n i c k e l  i s  a s t r o n g  concen t r a t ion  of n i t r i c  ac id .  This  w a s  
no t  considered p r a c t i c a l  i n  view of t h e  f a c t  t h a t  b i p o l a r  e l e c t r o d e s  were 
f u l l y  impregnated, and t h e  presence of ac id  i n  the  s i n t e r  could no t  be 
t o l e r a t e d  nor e f f e c t i v e l y  n e u t r a l i z e d .  

A flow c h a r t  of t h e  c leaning  methods used,  and found t o  be p r a c t i c a l  
f o r  t h i s  app l i ca t ion ,  i s  shown i n  F igure  23 .  

Sand b l a s t i n g  w a s  considered t h e  most p r a c t i c a l  method of  mechanical 
ab ras ion ,  The e1ect:rodes w e r e  p laced  i n  a f i x t u r e ,  masking t h e  s i n t e r s  
and only  t h e  bonding edges w e r e  exposed t o  t h e  ab ras ives .  
s u r f a c e  roughness w a s  t hus  obta ined .  The roughness f a c t o r  oE t h e  n i c k e l  
s u b s t r a t e  was considered t o  be s i g n i f i c a n t  i n  ob ta in ing  a good j o i n t .  A 
uniformly roughened s u r f a c e  w i l l  possess  a l a r g e r  a c t u a l  area f o r  t h e  
a c t i o n  of molecular fo rces .  'The roughening i s  u s u a l l y  accompanied by an 
inc rease  i n  t h e  f r e e  su r face  energy produced through working of t h e  s u r f a c e  
and through t h e  h ighe r  s u r f a c e  energy p rope r ty  possessed by rough m e t a l  
c r y s t a l s ,  

A uniform 
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T o  t e s t  the  su r face  fo r  proper p repa ra t ion  and c l e a n l i n e s s ,  each 
e l e c t r o d e  was given t h e  "water break" t e s t .  A d r o p l e t  of d i s t i l l e d  w a t e r  
w a s  placed on the  cleaned su r face  and observed t o  see if it spread and 
w e t  t he  sur face  smoothly. I t  w a s  f e l t  t h a t  i f  a drop o f  d i s t i l l e d  water 
w e t s  t h e  metal  su r f ace  and spreads smoothly over  t he  s u r f a c e  without  
breaking up i n t o  ind iv idua l  d r o p l e t s ,  t h e  su r face  could be presumed t o  be 
free of harmful organic  f i lms .  A su r f ace  which i s  uniformly w e t  by d i s -  
t i l l e d  water w i l l  probably a l s o  be w e t  by t h e  adhesive.  The s u r f a c e s  were 
thoroughly d r i ed  a f t e r  each t e s t .  

Adhesives and Sea l  

Several  known organic  compounds were t e s t e d  as a rubber- to-metal  
adhesive.  The adhesives  t h a t  were recommended f o r  bonding n i cke l -base  
a l l o y s  a r e  i n  a c l a s s  known as thermose t t ing  adhesives .  These undergo 
chemical changes dur ing  t h e  cu r ing  cyc le  and e f f e c t  a bond between t h e  
rubber  and metal a The adhesive sought f o r  t h i s  a p p l i c a t i o n ,  i n i t i a l l y ,  
w a s  one r equ i r ing  t h e  minimum cur ing  temperature .  Since t h e  e l e c t r o d e s  
t o  be bonded a r e  impregnated wi th  a c t i v e  materials,  adhesives  wi th  room 
temperature cu r ing  cyc le s  were sought ,  t o  minimize t h e  hea t  e f f e c t  on t h e  
a c t i v e  ma te r i a l s  and c e l l  func t ion .  

A l i s t  of bonding agen t s ,  cur ing  a t  room temperature ,  w a s  t e s t e d  
and eva lua ted ,  I n  each c a s e ,  t he  bond f a i l e d  t o  hold up when sub jec t ed  
t o  KOH environment, I t  w a s  apparent t h a t  r e l i a b l e  bonds t o  n i c k e l  could 
not  be achieved with the  room temperature cur ing  adhesives  and t h a t  
thermoset t ing adhesives  would have t o  be adopted, 

The major problem w a s  t o  l o c a l i z e  t h e  h e a t  around t h e  f l ange  and t o  
l i m i t  t h e  tsmperarure f o r  t he  e n t i r e  e l e c t r o d e  t o  300°F. 

A combination o f  p r i m e r  and adhesive,  which cure  a t  300°F w a s  f i n a l l y  
used. The primer w a s  appl ied  t o  a cleaned and condi t ioned n i c k e l  s u b s t r a t e  
and allowed t o  a i r  d ry  t o  vapor ize  t h e  s o l v e n t s  which are commonly found 
i n  adhesives.  I n  many samples, t h e  presence of s o l v e n t s  i n  t h e  adhesive 
and t h e i r  i n a b i l i t y  t o  escape from t h e  bonding s u r f a c e s ,  r e s u l t e d  i n  
extended cure t i m e  and porous bonds. 

The rubber seal used t o  bond t o  t h e  su r face  w a s  a cured neoprene 
washer, 45-55 durometer,  manufactured t o  Spec. MIL-R-3065. The gaske t  
w a s  soaked i n  the  adhesive and placed over t h e  primed s u r f a c e s  of t he  
s u b s t r a t e .  

The assembly was clamped between two r i n g s  and p laced  i n t o  a hydrau l i c  
p r e s s  wi th  heated elements.  
one hour on t h e  p re s su re  r i n g s .  The bonded h a l f - p l a t e s  were assembled 
i n t o  a b ipo la r  c e l l  by f looding  t h e  i n s i d e  wi th  KOH. The rubber- to-rubber  
bond between t h e  c e l l  ha lves  w a s  accomplished us ing  a neoprene cement. 
c r o s s - s e c t i o n a l  view of t h e  c e l l  i s  shown i n  F igure  24. 

'The temperature w a s  maintained a t  300°F f o r  

A 

The t e s t  c e l l  w a s  subjec ted  t o  temperature  cyc l ing  between 73°F and 
150'F f o r  32 hours ,  a f t e r  which the  c e l l  w a s  placed on t h e  s h e l f  f o r  2 weeks. 
A t  the  end of  t h i s  pe r iod ,  t he  c e l l  showed no s i g n s  of leak ing .  The c e l l  
w a s  t.aken apart by pry ing  open t h e  sea l .  There w a s  evidence of i n t e r f a c e  
a t t a c k  and a j o i n t  weakening a t  t he  i n t e r f a c e  of t h e  rubber and m e t a l .  

- 36- 



NICKEL SUBSTRATE 

NEOPRENE SEAL 

NEOPRENE CEMENT 

BONDED JOINT 

SEPARATOR 

. 

FIGURE 24 CROSS-SECTIONAL VIEW OF A RUBBER-TO-METAL 
SEAL IN A BIPOLAR CELL 

THE SEAL WAS CURED NEOPRENE 

37 
5-1233 



Tn a p a r a l l e l  t es t  program, severa l  c e l l s  and two 5-cell  b a t t e r i e s ,  
wi th  2-1/4 inch diameter s i n t e r  area, were b u i l t  u s ing  uncured neoprene, 
40 durometer, i n  l i e u  of the  cured neoprene washers,  and t h e  same bonding 
adhesive which w a s  appl ied  t o  t h e  cleaned ahd condi t ioned  n i c k e l  sub- 
s t r a t e  and a i r  d r i e d .  The uncured neoprene w a s  placed on both p a r t s  of 
a se t  of  matching s teel  molds and appl ied  over  both s u b s t r a t e  edges of t h e  
b i p o l a r  e l e c t r o d e ,  
heated elements and maintained a t  a temperature  of 300°F and 1500 l b / i n  
of p re s su re ,  A photograph of t h e  p r e s s  i s  shown i n  F igure  25. 

The e n t i r e  package was placed i n  a hydrau l i c  p re s s  wi th  
2 

Upon a i r  cool ing ,  t h e  edges of  t he  ' e lec t rode  were trimmed of t h e  
excess  neoprene, and che e l e c t r o d e  w a s  ready f o r  assembly, as p rev ious ly  
descr ibed .  F igu re  26 shows a h a l f  mold f o r  vu lcan iz ing  seals.  

The bonds obta ined  between t h e  rubber and t h e  m e t a l  dur ing  vul -  
c a n i z a t i o n  have been t e s t e d  and found t o  be s u p e r i o r  t o  those  p rev ious ly  
obta ined  without vu1 caniz ing  . 

The bonded 5 - c e l l  module w a s  then  encapsulated i n  a p o t t i n g  compound. 
The b a t t e r i e s  so assembled, showed no t r a c e  of leakage when sub jec t ed  t o  
normal cyc l ing .  Subsequent d e s t r u c t i v e  tes ts  showed t h a t  t h e  bonds w e r e  
s t r o n g e r  than the  rubber when subjec ted  t o  p e e l  and t e n s i l e  t es t s ,  Cells 
sub jec t ed  to  s imulared c e l l  environment he ld  up we l l  with no s igns  of bond 
weakening. 

Assemb1.y Procedures and T e s t  Resul t s  of 10 Development 
b a t t e r i e s  

The quan t i ty  of e l e c t r o l y t e  i n  a sea led  nickel-cadmium c e l l  must be 
c l o s e l y  con t ro l l ed  f o r  optimum c e l l  performance. The i n t e r n a l  volume 
a v a i l a b l e  i n  each b i p o l a r  c e l l  (2  t o  4 i n  ) i s  s m a l l .  Hence v a r i a t i o n s  
i n  e l e c t r o l y t e  q u a n t i t i e s ,  even i n  the  hundredths of a c c ,  are r e l a t i v e l y  
l a r g e  as a percentage of t he  t o t a l . .  It w a s  d i f f i c u l t  t o  determine the  
exac t  quan t i ty  o f  e l e c t r o l y t e  needed f o r  each c e l l  of each s i z e ,  and 
t h e r e f o r e ,  vented formation of flooded c e l l s  w a s  used.  

2 

Cel lulosic  s e p a r a t o r s ,  3 m i l  t h i c k ,  were used i n  l i e u  of non-woven 
nylon. The c e l l u l o s i c  s e p a r a t o r s  swel led on soaking i n  e l e c t r o l y t e  and 
made in t imate  con tac t  wi th  both e l e c t r o d e s .  This  c o n d i t i o n  prevented any 
void spaced between t h e  e l e c t r o d e s  and gave a f u l l  c r o s s  s e c t i o n  f o r  
c u r r e n t  car ry ing .  F ive -ce l l  b i p o l a r  modules, s i m i l a r l y  assembled, u s ing  
non-woven nylon s e p a r a t o r s ,  showed a tendency t o  form "hot spots"  (p l aces  
where, due to  t h e  e l e c t r o l y t e  forming a l o c a l  pa th ,  t h e  c u r r e n t  followed 
a pa th  of  l e a s t  r e s i s t a n c e )  and the  apparent  i n t e r n a l  r e s i s t a n c e  went up. 
Voids, c r ea t ed  i n s i d e  t h e  c e l l  due t o  poor s e p a r a t o r  con tac t  between t h e  
e l e c t r o d e s ,  reduced t h e  e l e c t r o d e  s u r f a c e  area and, t h e r e f o r e ,  opera ted  a t  
h ighe r  cu r ren t  d e n s i t i e s  than  c a l c u l a t e d .  

F ive -ce l l  modules were assembled d r y ,  wi th  t h e  rubber  bonded seals ,  
and were then f i l l e d  wi th  e l e c t r o l y t e  ( f looded)  through pro t ruding  f i l l i n g  
tubes .  They w e r e  then  sub jec t ed  t o  a vented formation regime. The vented 
formation procedure permi t ted  a h igh  ra te  overcharge ( C / 4  f o r  f i v e  hour s ) ,  
which more e f f i c i e n t l y  r e a c t i v a t e d  t h e  n i c k e l  and cadmium e l e c t r o d e s .  Such 
h igh  rate charge of  a sea l ed  c e l l  would r e s u l t  i n  excess ive  p re s su re  bu i ld -  
up and probable f a i l u r e  of t he  seal .  

- 38- 



FIGURE 25 WABASH PRESS WITH IlEA'i'ED YLATTENS FOR 
VULCANIZING RUBBER SEATS 

OPERATOR LOADING ELECTRODES 

39 
€3-1 234 



'BIPOLAR ELECTRODE 
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Figure 27 shows osc i l l o scope  t r a c e s  f o r  8 consecut ive  p u l s e  d i scha rges  
of a f i v e - c e l l  vented module--3.1 square inches of active area. The v o l t -  
age on t h e  f i r s t  f i v e  cyc le s  i s  above 5 v o l t s  wi th  t h e  c u r r e n t  i n  excess  
of  10 amperes. 

Figure 2 8  shows osc i l l o scope  traces of two consecut ive  p u l s e  d i s -  
charges  of a f i v e - c e l l  vented module with 2.76 square inches of a c t i v e  
area. The c u r r e n t ,  on t h e  f i r s t  pu l se ,  i s  above 11 amperes wi th  a v o l t -  
age of 5.4 v o l t s .  

Af t e r  t he  f i r s t  formation cyc le  d i scha rge ,  t h e  b a t t e r y ,  vented ,  w a s  
f u l l y  charged. It w a s  then inve r t ed  (with t h e  f i l l i n g  tubes faccng down- 
ward) and the excess  e l e c t r o l y t e  s p i l l e d  o u t .  The f i l l i n g  tubes were 
removed and the  openings sea led  wi th  a neoprene cement. 

The f i v e - c e l l  modules ( sea l ed  and f looded)  were r e s t r a i n e d  between 
two 112 inch l u c i t e  p l a t e s  and subjec ted  t o  t e n ,  one second p u l s e  d i s -  
charges  ( b a t t e r y  p o s i t i o n  was random since i t  can ope ra t e  i n  a l l  p o s i t i o n s ) ,  
Osci l loscope trace5 of 13  consecut ive  d ischarges  of a sea l ed ,  f i v e - c e l l  
module with 3.1 i n  of  a c t i v e  area, are shown i n  F igures  29a through 29f .  
The f irst  10 pu l ses  were repea ted  a t  one second in te rva ls ,  whi le  t h e  l a s t  
t h r e e  were a t  two minute i n t e r v a l s .  The vo l t age  on t h e  f i r s t  t h r e e  p u l s e s  
w a s  approximately 5 . 5  v o l t s  and t h e  c u r r e n t  11 amperes. The v o l t a g e  s t a y s  
above 5 v o l t s  a t  t h e  f i f t h  pu l se ,  and g radua l ly  d e c l i n e s  s l i g h t l y  below 
t h e  f i v e  v o l t  l i m i t .  Af t e r  two minute i n t e r v a l s ,  t h e  vo l t age  recovers  t o  
5 v o l t s  a t  10 amperes on the  next  t h r e e  p u l s e s .  F igure  30 shows similar 
d a t a  f o r  a sea l ed ,  f i v e - c e l l  module wi th  2.76 i n 2  of a c t i v e  area. 

Af t e r  t he  pu l se  d ischarges  ( t e n  p u l s e s ) ,  i nd iv idua l  c e l l s  o f  t h e  
b a t t e r y  (through t h e  exposed n i c k e l  edges of t h e  s u b s t r a t e s )  were dra ined  
a t  150 mAh t o  approximately 0 .6  v o l t  per  c e l l .  The rubber  s u r f a c e s  were 
thoroughly cleaned and a i r  d r i e d .  The sea l ed ,  f i v e - c e l l  modules were 
placed i n  a p l a s t i c  mold and encapsulated i n  a p o t t i n g  compound leaving  
t h e  two end t e rmina l s  exposed. 

2 Figure  31 shows a photograph of a f i v e - c e l l ,  s ea l ed  module, 3.1 i n  , 
encapsulated.  

The compound, i n  t h i s  case, served as a convenient  means f o r  packaging 
t h e  module and as a d i a l e c t r i c  material s e p a r a t i n g  b i p o l a r  c e l l s  from each 
o the r .  Mechanical packaging of modules i n s i d e  metal l ic  o r  p l a s t i c  con- 
t a i n e r s  f o r  r e t a i n i n g  t h e  modules, prevent  expansion of  t h e  s t a c k  which 
inc reases  the apparent  i n t e r n a l  r e s i s t a n c e  dur ing  charge and d i scha rge ,  
were n o t  considered and were f e l t  t o  be o u t s i d e  t h e  scope of t h i s  program. 

Af t e r  encapsula t ion ,  t h e  f i v e - c e l l  modules were allowed t o  harden 
i n  the  mold. They were then  removed and charged a t  a cons t an t  c u r r e n t ,  
i n  t he  following manner: 25 mil l iamperes  p e r  square inch of a c t i v e  p l a t e  
area (80 mA f o r  a 3 .1  in2  e l ec t rode )  u n t i l  t h e  vo l t age  reached 7.1 v o l t s  
f o r  a f i v e - c e l l  b a t t e r y  (1.42 v o l t s  pe r  c e l l ) ;  t h e  c u r r e n t  w a s  then  reduced 
t o  15 mA per square inch u n t i l  t h e  v o l t a g e  aga in  reached 7 . 1  v o l t s .  
t h i r d  s t e p  i n  charging w a s  used when the  t o t a l  input  w a s  considered in -  
s u f f i c i e n t .  
vo l t age  again reached 7 . 1  v o l t s .  

A 

I n  t h i s  case, t h e  c u r r e n t  w a s  reduced t o  1 2  mA/in2 u n t i l  t h e  
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An encapsulated f i v e  c e l l  b a t t e r y  was given t e n  p u l s e  d i scha rges  
before  i t  w a s  considered acceptab le  f o r  d e l i v e r y  t o  NASA. 

Figure 32 shows two consecut ive pu l ses  of a f i v e - c e l l  (encapsulated)  
b a t t e r y  with 2.76 i n 2  of a c t i v e  area. 

A t o t a l  of t e n  developmental ,  f i v e - c e l l  modules w e r e  b u i l t .  Seven 
had 3.1 in2 o f  e l e c t r o d e  area and t h r e e  had 2.76 i n 2  of  e l e c t r o d e  area. 
The average weight of a f i v e - c e l l  module (3 .1  i n  , encapsulated)  w a s  
210 grams. 
of t h e  same s i z e  w a s  160 grams. The volume of f i v e - c e l l  s ea l ed  mo u l e s  
(3 .1  i n 2 )  was 2.25 cubic  inches ,  and 2.0 cubic  inches f o r  a 2 . 7  i n  
be fo re  encapsula t ion  

2 

Before encapsula t ion ,  t h e  average weight of a sea l ed  b a t t e r y  

9 module, 
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DISCUSSION OF RESULTS AND CONCLUSIONS 

The con t r ac tua l  o b j e c t i v e s  f o r  t h e  development of a 5 c e l l  b i p o l a r  
nickel-cadmium rechargeable  b a t t e r y  wi th  t h i c k  e l e c t r o d e s  (30 m i l s  s i n t e r  
and 2 1  m i l s  s u b s t r a t e )  have been m e t  and exceeded wi th  a b i p o l a r  p l a t e  
o f  1-7/8" s i n t e r  diameter (2.76 i n 2 ) ,  a t  a c u r r e n t  d e n s i t y  of 3.62 A/in , 
above 1.0 v o l t s .  

2 

The f i v e  c e l l  module h a s  a nominal capac i ty  o f  300 mAh and i s  expected 
t o  y i e l d  200 mAh ( a t  t h e  C / 2  r a t e )  when s e a l e d ,  and s e v e r a l  one second 10 
ampere pu l ses ,  above one v o l t .  

The reduced v o l t a g e ,  a t  subsequent p u l s e  d i scha rges ,  i s  p r i m a r i l y  
due t o  a c t i v a t i o n  p o l a r i z a t i o n  a t  t h e  nega t ive ,  and concen t r a t ion  p o l a r i z a t i o n  a t  t h e  
p o s i t i v e  e l e c t r o d e s ,  a s  evidenced by t h e  o s c i l l o s c o p e  t r a c e s .  (Figure 13) 

A t h i c k  s i n t e r  e l e c t r o d e  (.030 inch) was developed which i s  capable 
o f  being impregnated wi th  a c t i v e  m a t e r i a l s  t o  y i e l d  150 mAh/in2 of 
capac i ty  a t  low r a t e s .  These e l e c t r o d e s  can be manufactured i n  any 
s i z e ,  from 2 i n 2  t o  100 i n 2 ,  and i n  c i r c u l a r ,  square  and r e c t a n g u l a r  
shapes ,  no t  exceeding 8 inches  i n  width of s u b s t r a t e .  Larger s izes  
a r e  l i m i t e d  by t h e  p r e s e n t  equipment i n  our l abora to ry .  It i s  no t  
necessary  t o  use .02l"thick s u b s t r a t e  f o r  t h e  t h i c k  b i p o l a r  p l a t e s .  
P l a t e s  w i t h  ,010 'I s u b s t r a t e  and ,030" s i n t e r s  can be produced i n  t h e  s i z e s  
s t a t e d .  Howeves, i t  would be d e s i r a b l e  t o  ma in ta in  t h e  t h i c k e r  s u b s t r a t e  
f o r  t h e  end p l a t e s ,  f o r  added mechanical s t r e n g t h .  

O f  primary s i g n i f i c a n c e  i n  t h i s  program w a s  t h e  development of a 
s e a l  which bonds t o  the  n i c k e l  s u b s t r a t e  and s t ands  up i n  t h e  environment 
o f  t h e  b ipo la r  c e l l ,  al though more cyc le  da ta  a r e  needed t o  a s c e r t a i n  i t s  
r e l i a b i l i t y  and l i f e .  

The absence of a s e a l  has  prevented former i n v e s t i g a t o r s  from b u i l d i n g  
and t e s t i n g  rechargeable  b i p o l a r  b a t t e r i e s .  The development of t h e  s e a l  
h a s ,  t h e r e f o r e ,  extended t h e  s t a t e - o f - t h e - a r t  of b i p o l a r  b a t t e r y  technology. 

Using the techniques  developed, o r  extended on t h i s  program, m o r e  than 
t e n  rechargeable ,  s e a l e d ,  f i v e  c e l l ,  b i p o l a r  nickel-cadmium b a t t e s i e s ,  
were b u i l t  with s i m i l a r  performance. 

It would appear reasonable  t o  conclude t h a t  b i p o l a r  b a t t e r i e s  could 
be success fu l ly  produced, i n  q u a n t i t y ,  i n  a v a r i e t y  of c o n f i g u r a t i o n s ,  
w i t h i n  p r a c t i c a l  s i z e  l i m i t a t i o n s ,  f o r  h igh  power p u l s e  a p p l i c a t i o n s .  
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RECOMMENDATIONS 

The b ipolar  b a t t e r y  system developed under t h i s  program was t a i l o r e d  
t o  meet s p e c i f i c  requirements.  The system d id  no t  op t imize  t h e  maximum 
power c a p a b i l i t y  of t h e  b a t t e r y  (which occurs  a t  approximately 0.60 
v o l t s  p e r  c e l l ) .  

Optimization of t he  nickel-cadmium b i p o l a r  b a t t e r y  system (where 
c a p a c i t y  i s  n o t  a primary o b j e c t i v e )  w i l l  occur when development o f  t h i n  
p l a t e  e l ec t rodes  a r e  s u c c e s s f u l l y  incorpora ted  i n t o  a s ea l ed  p u l s e  d i s -  
charge b a t t e r y  wi th  an overcharge c a p a b i l i t y .  Bas ic  knowledge and exper ience  
i n  t h i n  p l a t e  technology was acqui red  by, Gulton from s e v e r a l  in-house 
sponsored p r o j e c t s  and from funded work ( 3 ) .  

The scope of  t h i s  program d i d  - c > ?  A)ermit t h e  i n v e s t i g a t i o n  o f  a l l  t h e  
f a c e t s  of t h i s  system. We recommenc, t i a t  i n v e s t i g a t i o n  be continued i n  
t h e  following a r e a s :  

1. 

2 .  

3 .  

4 .  

5 .  

6. 

The e f f e c t s  o f  e l e c t r o l y t e  concen t r a t ion  on a c t i v a t i o n  and 
concent ra t ion  p o l a r i z a t i o n .  

The e f f e c t s  of e x t e r n a l  p r e s s u r e  c h a r a c t e r i s t i c s  on h igh  r a t e  
performance. 

E f f i c i e n t  packaging des ign ,  which would inc lude  a p r e s s u r e  j a c k e t  
t o  r e t a i n  t h e  s t a c k ,  and prevent  t h e  e l e c t r o d e s  from bending 
due t o  i n t e r n a l  p r e s s u r e  build-up on charge. This  i n  t u r n  w i l l  
prevent t h e  c r e a t i o n  of "hot spo t s "  i n s i d e  t h e  c e l l .  

The a p p l i c a t i o n  of low d e n s i t y  compressible non-woven s e p a r a t o r s  
with long l i f e  c h a r a c t e r i s t i c s ,  i n t o  t h e  b i p o l a r  s ea l ed  system. 

The e v a l u a t i o n  of b i p o l a r  c e l l s  w i th  small  r e s e r v o i r s  around 
the  o u t e r  edges of  t h e  a c t i v e  m a t e r i a l  t o  hold  t h e  e l e c t r o l y t e  
during a low r a t e  ( C / l O )  overcharge.  

It is  p o s s i b l e  t o  develop a system which would permi t  t h e  b a t t e r y  
to t a k e  a h igh  r a t e  overcharge wi thout  t o o  g r e a t  a s a c r i f i c e  i n  
volume. Charge c o n t r o l  dev ices ,  a s  w e l l  a s  t h e  inco rpora t ion  of 
a Gulton developed t h i r d  e l e c t r o d e  (Adhydrode(R)) , t o  permi t  
overcharge,  were never i n v e s t i g a t e d  i n  r e l a t i o n  t o  b i p o l a r  b a t t e r i e s .  
The a p p l i c a t i o n  of such dev ices  t o  b i p o l a r  b a t t e r i e s  i s  h i g h l y  
d e s i r a b l e .  
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CALCULATIONS OF HEAT RISE DUE TO DISCHARGE CURRENT 



APPENDIX 

Calculations have been performed to determine if discharges at 
10 amperes for one second will cause excessive heat rise. 
felt that the 15 mA drain will cause no appreciable heat rise, and . 

was, therefore, not considered as a problem requiring investigation. 

It was 

"ihe following assumptions were made on the analysis: 

a; All free energy is being converted to electrical power. 
b. Tie internal impedance is 1 milliohm. 
c. The specific heat of a bipolar battery is essentially 

the sameds other nickel-cadmium batteries (.35 BTU/Lb./°F) . 
d. The weight of a battery, used in the calculations, was 

0.5 pounds. 

From the equation: 

A H f  - A F o  q 

where: A H f  - ("reat of Formation) - i.43 Cal/watt-hours 

A F  = (Free Energy of Formation) = 1.28 Cal/watt-hours 

q (iieat Dissipated or Absorbed)= -0.15 Cal/watt-hours 

si - (Internal Impedance) - B milliohm 

Discharge = 1 second at 10 amperes and 1 volt 
1 -3 

= 10 watts x - hours = 2.7 x 10 watt-hours 
3600 

3Tu 
Chemical Heat Generated - (.I5 x 2.7 x x 3.4 watt -hour 

-4 - 13.7 x 10 3TU 

2 Xeat.Frm I R - 100 x .001 0.1 watts 

1 
3600 0.1 x - = 2.7 x loo4 watt-hours 

- 8.18  IO-^ ~ T J  

Total Heat Generated '=  Chemical Heat + 12i3 - lom4 (13.7 + 8.2) - 21.9 x log4 3W 
1 



Specific Heat - .35 Bm/Lb/OF 

Weight of Battery - 0.5 Ibs. 

- 1.25 x loo2 OF Temperature Bisa = AF = 21.9 10-4 
3.5 x 5 x 10’2 

It .  is  apparent that th i s  value is insignificant for the discharge. 
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9233 Balboa Avenue 
San Diego , Cal i fo rn ia  92123 
At tn :  L i b r a r i a n  

M r  s . Judy Ka l a  k 

Delco Remy Divis ion  
General Motors Corporation 
2401 Columbus Avenue 
Anderson, Indiana 46011 
Attn: D r .  J. J. Lander 
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Dougla s A i r c r a f t  Company , Inc . 
Astropower Laborz-tcry 
2121 Campus Drive 
flewport Beach, Ca l i fo rn ia  92663 
Attn:  D r .  George Moe 

Dynt ech Corpora t i o n  
17 Tudor S t r e e t  
Cambridge, Massachusetts 02139 
Attn: R. Lo  Wentworth 

E. I. DuPont De Nemours & C a m  
Explosives  Department 
Repauno Development Laboratory 
Gibbstown, New J e r s e y  08027 
Attn:  M r .  R. W. Prugh 

(Contract  NASw-1233) 

Ea g 1 e -P i ch e r  Company 
Post  Of f i ce  Box 47 
J o p l i n ,  Missouri  64801 
Attn: E ,  P, Brogl io  

E l e c t r i c  Storage Bat te ry  Co. 
M i s s i l e  Bat te ry  Divis ion 
2510 Louisburg Road 
Raleigh,  North Carolina 27604 
Attn: A. Chrei tzberg 

E l e c t r i c  Storage Bat te ry  Co. 
Car l  F. Nroberg Research Center 
19 West College Avenue 
Yardley, Pennsylvania 19067 
Attn: D r .  R, A, Schaefer 

Electrochimica Corpora t i o n  
1140 O'Brien Drive 
Menlo Park,  Ca l i fo rn ia  94025 
Attn: D r ,  Morris Eisenberg 

Elec t ro-Opt ica l  Systems, Inc.  
300 North Hals tead 
Pasadena , Cal i fo rn ia  91107 
Attn: Mart in  Klein 

Emhart Corporation 
Box 1620 
Hart ford ,  Connecticut 06102 
Attn: D r ,  W. P, Cadogan 

Engelhard I n d u s t r i e s ,  Inc.  
497 DeLancy S t r e e t  
Newark, New Je r sey  07105 
Attn: D r .  J. G. Cohn 

D r  e Arthur F le i sche r  
466 South Center S t r e e t  
Orange, New Je r sey  07050 

Genral E l e c t r i c  Company 
Schenectady , New York 12301 
Attn: D r .  R. C. Ostoff /Dr.  W. Carson 

Advanced Technology Lab. 

General E l e c t r i c  Company 
Missile & Space Div is ion  
Spa c e cra  f t Department 
P. 0. Box 8555 
Phi l ade lph ia ,  Pennsylvania 19101 
Attn: E. W. Kipp, Room U-2307 

General E l e c t r i c  Company 
Bat te ry  Products  Sect ion 
P. 0. Box 114 
Ga insv i l l e ,  F lo r ida  32601 
Attn:  W. H. Roberts 

General E l e c t r i c  Company 
Research and Development Center 
P.O. Box 8 
Schenectady , New York 12301 
Attn:  D r .  H. Liebhafsky 

General Motors-Defense Research Labs. 
6767 H o l l i s t e r  S t r e e t  
Santa Barbara,  Ca l i fo rn ia  93105 
Attn:  D r .  J. S .  Smatko/Dr.C.R,Russell 
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Globe-Union, Incorporated 
P. 0. Box 591 
Milwaukee, Wisconsin 53201 
Attn: yr. J. D. Onderdonk 

V. P, Marketing 

Gould-National B a t t e r i e s ,  Inc. 
Engineering & Research Center 
( D r ,  D. Douglas) 
2630 Univers i ty  Avenue, S,E. 
Minneapolis,  Minnesota 55418 

Gulton I n d u s t r i e s ,  Inc.  
A lka l ine  Bat tery Divis ion 
212 Durham Avenue 
Metuchen, New Je r sey  08840 
Attn: D r .  Robert Sha i r  

Gulton I n d u s t r i e s ,  Inc.  
A lka l ine  Bat tery Divis ion 
212 Durham Avenue 
Metuchen, New Je r sey  08840 
Attn: H. N. Se iger  

Contract  NAS W-12,300 only 

Hughes A i r c r a f t  Corporation 
Centinda Ave. & Teale  S t r e e t  
Cuiver Ci ty ,  Ca l i fo rn ia  90230 
Attn: T. V. Carvey 

Hughes A i r c r a f t  Corpora t i o n  
Bldg, 366, M. S. 524 
E l  Segundo, Ca l i fo rn ia  90245 
Attn:  P. C. Ricks 

IIT Research I n s t i t u t e  
10 West 35th S t r e e t  
Chicago, I l l i n o i s  60616 
Attn:  D r .  H. T. F ranc i s  

I n s t i t u t e  f o r  Defense Analyses 
R&E Support Divis ion 
400 Army-Navy Drive 
Ar l ing ton ,  Vi rg in ia  22202 
Attn: M r .  R. Hamilton 

I n s t i t u t e  fo r  Defense Analyses 
R&E Support Divis ion 
400 Army-Navy Drive 
Ar l ing ton ,  Vi rg in ia  22202 
Attn:  D r .  G. Szego 

Idaho S t a t e  .Univers i ty  
Department of Chemistry 
Poca te l lo ,  Idaho 83201 
Attn: D r .  G. Myron Arcand 

I n s t i t u t e  of Gas Technology 
S t a t e  and 34th S t r e e t  
Chicago, I l l i n o i s  60616 
Attn: B. S. Baker 

I n t e r n a t i o n a l  Nickel Co. 
1000-16th S t r e e t  , N.W. 
Washington, D,C. 20036 
Attn:  Wm. C. Mearns 

Johns Hopkins Univers i ty  
Applied Physics  Laboratory 
8621 Georgia Avenue 
S i l v e r  Spring, Maryland 20910 
Attn:  Richard E. Evans 

Johns Hopkins Univers i ty  
Applied Physics  Laboratory 
8621 Georgia Avenue 
S i l v e r  Spring, Maryland 20910 
Attn:  M r .  Louis Wilson 

Leesona Moos Labora tor ies  
Lake Success Park,  Community Drive 
Great Neck, New York 11021 
Attn:  D r y  H. Oswin 

Livingston E lec t ron ic  Corporation 
Route 309 
Montgomeryville, Pa. 18936 
Attn:  William F. Meyers 
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Lockheed Missiles & Space Co. 
Technical Information Center 
3251 Hanover Street  
Pa16 A l t o ,  Cal i forn ia  93404 

Mallory Bat te ry  Company 
Broadway & Sunnyside Lane 
Notth Tarrytown, New York 10591 
Attn: R. R. Clune 

P. R. Mallory & Co., Inc.  
Northwest I n d u s t r i a l  Park 
Burl ington,  Massachusetts 01803 
Attn: D r .  Per Bro 

P. R. Mallory & Co., Inc.  
3029 E.  Washington S t r e e t  
Ind ianapol i s ,  Indiana 46206 
Attn:  Technical L i b r a r i a n  

Mart in  Company 
Denver Div is ion  
(P1001, M r .  R. C. Wildman) 
Mail No. P-6700-1 
Denver, Colorado 80201 

Mart in  Company 
E l e c t r o n i c s  R e  sea r ch Department 
P. 0. Eox #179 
Denver, Colorado 80201 
Attn:  Williams B. C o l l i n s ,  MS 1620 

Mauchly Systems, Inc .  
F o r t  Washington I n d u s t r i a l  Park 
F o r t  Washington, Pennsylvania 
Attn:  John H.  Waite 

Melpar 
Technical  Information Center 
7700 Ar l ing ton  Blvd. 
F a l l s  Church , Virgin ia  22046 

K e t a l s  and Control  Divis ion 
Texas Instruments ,  Inc.  
34 F o r r e s t  Street  
A t  t leboro , Massachusetts 02 703 
Attn: D r .  E. M. Joe 

Midwest Research I n s t i t u t e  
425 Volker Boulevard 
Kansas Ci ty ,  Missouri  64110 
Attn:  Phys ica l  Science Laboratory 

Monsanto Research Corpora t i on  
E v e r e t t ,  Massachusetts 02149 
Attn: D r .  J. 0. Smith 

North American Aviat ion Co. 
S & I D  Divison 
Downey . C a l i f o r n i a  90241 
AtKn: D r .  James Nash 

Oklahoma S t a t e  Univers i ty  
S t i l l w a t e r ,  Oklahoma 74075 
Attn: Prof .  William L. Hughes 

Schoold of  E l e c t r i c a l  Eng. 

P a ~ l  Emmrd Assoc ia tes  Inc .  
C e n t e r v i l l e ,  Maryland 21617 

Power Information Center 
Univers i ty  of Pennsylvania 
4301 Market S t . ,  Rm. 2107 
P h i l a d e l p h i a ,  Pennsylvania 19104 

Power Sources Divis ion 
Wh i t  t a ker  Corpora t ion  
9601 Canoga Avenue 
Chatsworth, Cal i forn ia  91311 
Attn:  D r .  M. Shaw 
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Prime Ba t t e ry  Corporation 
15600 Cornet S t r e e t  
Santa Fe Springs,  Ca l i fo rn ia  90670 
Attn:  David Ro l l e r  

RAI Research Corp. 
36-40 37th S t r e e t  
Long I s l and  Ci ty ,  N. Y. 11101 

Radio Corporat ion of  America 
Ast ro  Corporat ion 
P. 0. Box 800 
Hightstown, New J e r s e y  08540 
Attn:  Seymour Winkler 

Radio Corporation of America 
AED 
P.O. Box 800 
Pr ince ton ,  New Je r sey  08540 
Attn:  I. Schulman 

Radio Corporat ion o f  America 
415 South F i f t h  S t r e e t  
Harr i son ,  New J e r s e y  07029 
Attn: D r .  G. S. Lozier  

Bldg .  18-2 

Southwest Research I n s t i t u t e  
8500 Culebra Road 
San Antonio, Texas 78206 
Attn:  Library  

Sonotone Corporat ion 
Saw M i l l  River Road 
Elmsford, New York 10523 
Attn:  A. Mundel 

Texas Ins t ruments ,  Inc.  
P. 0. Box 5936 
Da l l a s ,  Texas 75222 
Attn:  D r ,  I s a a c  Trachtenberg 

TRW Systems, Inc.  
One Space Park 
Redondo Beach, Ca l i fo rn ia  90278 
Attn:  D r .  Herbert  P. Silverrnan 

TRW Systems, Inc.  
One Space Park 
Redondo Beach, Ca l i fo rn ia  90278 
Attn:  D r .  A. Krausz, Bldg.60,Rm.147 

TRW, Inc.  
23555 Eucl id  Avenue 
Cleveland, Ohio 44117 
Attn: L ib ra r i an  

Tyco Labora tor ies ,  Inc.  
Bear H i l l  
Hickory Drive 
Waltham, Massachuset ts  02154 
Attn: D r .  A. C. Makrides 

Unif ied Scineces  Assoc ia tes , Inc .  
826 S. Arroyo Parkway 
Pasadena, Ca l i fo rn ia  91105 
Attn:  D r .  S. Naid i tch  

Union Carbide Corporat ion 
Development Laboratory Library  
P.O. Box 5056 
Cleveland, Ohio- 44101 

Elec t romi te  Corporat ion 
Attn:  R. H. Sparks 

562 Meyer Lane 
Redondo Beach , Ca l i f o r n i a  902 78 

General Manager 

Union Carbide Corporat ion 
Parma Laboratory 
Parma, Ohio 44130 
Attn:  D r .  Robert Powers 
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Univers i ty  of Pennsylvania 
Electrochemistry Laboratory 
Ph i l ade lph ia ,  Pennyslvania 19104 
Attn: P ro f .  John O'M. Bockris 
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Westinghouse E l e c t r i c  Corporation 
Research and Development Center 
Churchi l l  Borough 
P i t t s b u r g h ,  Pennsylvania 15235 

Whittaker Corporation 
3850 Olive S t r e e t  
Denver, Colorado 80237 
Attn: J. W. Re i t e r  
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Whittaker Corporation 
Narmco R&D Divis ion 
3540 Aero Court 
San Diego, Ca l i fo rn ia  92123 
Attn: D r .  M. Shaw 

Yardney E l e c t r i c  Corporation 
40 Leonard S t r e e t  
New York, New York 10013 
Attn: D r .  Geo. Dalin 
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